Like poverty, undernutrition and micronutrient deficiencies often occur as part of an intergenerational cycle
• Nutrition is the most powerful adaptable environmental exposure to target in order to reduce the burden of diseases and death across the life span around the world. Micronutrient deficiencies (MNDs) have direct effects on individuals and indirect effects on societies. Globally, there have been substantial gains made to improve the nutritional status. However, there is still tremendous work to be done to reach all individuals with or at risk for MNDs.
• MNDs are preventable. The return on investment for provision of micronutrients is substantial. The choice of interventions should be based on the root cause and the scope and severity of the MND.
• Biomarkers of nutritional status can be influenced by infection and inflammation, which are common with MNDs. Understanding how to interpret biochemical indicators along with clinical and functional indicators is key to characterizing the extent of the global burden of MNDs.
• Ending the cycle of malnutrition is critical. Intervening during pregnancy and through the first 1,000 days is optimal. Multidimensional, coordinated, and sustainable strategies are needed to combat MNDs. Short-and long-term solutions are needed.
Introduction
Micronutrient is the umbrella term used to represent essential vitamins and minerals required from the diet to sustain virtually all normal cellular and molecular functions [1] . While the required amounts of micronutrients are very small, micronutrient deficiency (MND) can have wide-range negative health impacts that will ultimately result in death if untreated. MNDs are common, affecting an estimated 2 billion people worldwide [2] . The most common deficiencies exist for vitamin A, folate, iron, iodine, and zinc; however, several other MND disorders exist. Coexistence of multiple MNDs frequently occurs. MNDs often occur as part of a cycle of malnutrition and may be coupled with protein or energy malnutrition. Pregnant women and their children 5 years of age and MNDs rarely occur alone; often, multiple MNDs coexist. The long-term consequences of MNDs are not only seen at the individual level but also have deleterious impacts on the economic development and human capital at the country level. Perhaps of greatest concern is the cycle of MNDs that persists over generations and the intergenerational consequences of MNDs that we are only beginning to understand. Prevention of MNDs is critical and traditionally has been accomplished through supplementation, fortification, and food-based approaches including diversification. It is widely accepted that intervention in the first 1,000 days is critical to break the cycle of malnutrition; however, a coordinated, sustainable commitment to scaling up nutrition at the global level is still needed. Understanding the epidemiology of MNDs is critical to understand what intervention strategies will work best under different conditions. 
Causes of MNDs
MNDs are only one form of undernutrition. Other forms of undernutrition are more readily visible and, for this reason, MNDs are often referred to as hidden hunger [5] . At the most basic level, MNDs, like all forms of undernutrition, occur due to insufficient intake or sufficient intakes combined with impaired absorption due to infection, disease, or inflammation [6, 7] . For infants, MNDs may result from maternal MND in utero or rapid postnatal growth [8] . The antecedents to these immediate causes for undernutrition are complex and can be fully appreciated by examining the 2013 UNICEF Conceptual Framework for the Determinants of Undernutrition ( fig. 2 ) [6] . The underlying causes that contribute to the immediate causes include food insecurity, inadequate care or feeding practices, and an unhealthy environment with inadequate access to health services. Nutritional status is greatly impacted by infection [9] . Infection is the leading cause of child mortality [10] . Acute respiratory infection and diarrhea are the most common causes of infant mortality, and MNDs contribute greatly to the immune response [11] . Undernutrition is the leading cause of immunodeficiency worldwide [7] .
The basic root cause of most undernutrition is poverty. As a result, low-and middle-income countries have the highest burden of MNDs; however, MNDs exist even in certain population groups in higher-income countries. The United Nation's Millennium Development Goals include eradicating extreme poverty and hunger as their priority goal [12] . Like poverty, undernutrition and MNDs often occur as part of an intergenerational cycle ( fig. 3 ). During pregnancy and lactation, there are increased macro-and micronutrient requirements [13] . Pregnant mothers without optimal nutritional intakes have children with suboptimal nutritional status including impaired physical and mental development, setting the infant on a deleterious course of stunting, increased likelihood for infection, and developmental delays [14] . In time, these children themselves enter their reproductive years at a nutritional disadvantage and the cycle continues. Furthermore, adults with nutritional disadvantages often have a lower work capacity due to the early developmental delays mediated through a lack of education [14] . Thus, both malnutrition and poverty often track together and operate synergistically.
MNDs of Greatest Public Concern Iron
Iron is a mineral that is an essential component of hemoglobin, myoglobin, enzymes, and cytochromes and is necessary for oxygen transport and cellular respiration [15] . Iron also is critical for optimal growth and cognitive function. Two forms of iron exist, namely heme and nonheme. Heme iron is found in animal sources, whereas nonheme iron is found in plants and used in fortification. Neither form of iron is highly bioavailable; heme iron bioavailability is estimated to be 12-25%, and nonheme iron is <5% bioavailable [1, 15] ; however, with the exception of menstruating and pregnant women, iron in vivo is very highly conserved [15] .
Iron deficiency is the most common MND in the world, affecting more than 30% of the world's population, an estimated 2 billion people [16] . Iron deficiency causes anemia and disrupts optimal function of both the endocrine and immune systems. Iron deficiency is particularly common during pregnancy because of increased requirements for fetal growth and development. Maternal iron deficiency is associated with low birth weight, premature delivery, and a host of perinatal complications, especially hemorrhage. Anemia is estimated to contribute to 20% of maternal deaths [16] . Children born to irondeficient mothers are more likely to have low iron stores, to suffer from impaired physical and cognitive development, and to have suboptimal immune systems. Early-life iron status substantially influences human potential at the individual and country level [16] [17] [18] . Iron deficiency Acute respiratory infection and diarrhea are the most common causes of infant mortality, and MNDs contribute greatly to the immune response.
may also be associated with enhanced absorption of environmental metal toxins such as cadmium [19] . Iron status is typically assessed through plasma ferritin, transferrin saturation, and hemoglobin concentrations. Ideally, all of these biomarkers are available to make an assessment; however, routinely, only 1 or 2 of these are available in screening and assessment. Hemoglobin is most often used to determine anemia. Ferritin is reflective of body iron stores; but, because it is also an acute-phase protein, ferritin will be elevated in acute or chronic disease, and tests may yield misleading results. Globally, the World Health Organization (WHO) estimates that 25% of the population (1.62 billion people; CI 1.50-1.74 billion) has anemia [16] . Preschool children (47.4%) and pregnant women (41.8%) have the highest prevalence overall. Africa (67.6 and 57.1%) and Southeast Asia (65.5 and 48.2%) have the highest burden of anemia in preschool children and pregnant women, respectively [16] .
Women in perinatal life stages and their infants (<6 months of age) are considered to be at the highest risk for iron deficiency. Routine iron supplementation in pregnancy and infancy is recommended in areas without endemic malaria [20] . Iron supplementation in those with malaria may exacerbate the falciparum-related complications and mortality [20] . Recently, it has been proposed to dovetail efforts with iron nutriture in conjunction with malaria control programs [21] . Fortification programs with iron exist in several countries with the food vehicles of choice ranging from flours, dairy products, condiments, sugar, and salt to infant formulas. Fortification and supplementation may be appropriate for areas with high concentrations of vegetarians. Vitamin A Vitamin A is a fat-soluble vitamin that has multiple roles in the body including vision, cell differentiation, immune function, reproduction, and organ and bone formation and growth. Vitamin A comes from animal sources in the diet preformed as retinol or retinyl esters, or from provitamin A carotenoids found in plant sources. Provitamin A carotenoids, which exhibit differential vitamin A activity, are converted to the active forms of the vitamin (retinal and retinoic acid) for use by the body.
Vitamin A deficiency (VAD) has been associated with increased rates and severity of infections and is a primary cause of childhood morbidity and mortality in the developing world, particularly in Africa and Southeast Asia [22] . VAD is the leading cause of preventable blindness in children. VAD causes xerophthalmia, a series of ocular manifestations like night blindness, Bitot's spots, and corneal ulcerations and lesions [1] . The WHO estimates that 250-500 million children are blind because of VAD, and half of these children will die within a year of vision loss. VAD is also common in pregnancy in lower-income countries with estimates ranging from 10 to 20%. Very little is known about older children and adults with regard to vitamin A status; however, because VAD tends to cluster in families, communities, and regions, we can assume that vitamin A status is low in areas with child and pregnancy burden. Subclinical VAD affects far greater numbers of individuals, particularly in Africa and Asia [23] .
VAD is characterized using serum retinol, with hyporetinolemia defined as concentrations <0.70 μmol/l, clinical parameters determined via eye exam, and/or functional indicators like night blindness. Often, VAD occurs in clusters, so prevention and treatment schedules are in place to provide high-dose oral supplementation intermittently (i.e. semi-annually, every 4-6 months, etc.) based on age (beginning at birth), life stage, and severity of deficiency. Vitamin A can also be added as a fortificant to the food supply. For example, in Guatemala, vitamin A is added to sugar [24] in addition to intermittent supplementation programs, together yielding a low rate of VAD determined by serum retinol [25] . Despite the Cochrane reviews limiting maternal, neonatal, and infant vitamin A supplementation in developing countries [26, 27] , continued emphasis should be placed on vitamin A supplementation programs in Southeast Asia given the clearly documented effects on ocular health and mortality [22, 28, 29] .
Iodine
Iodine is a trace mineral, and its primary function is in the synthesis of thyroid hormone. Approximately 60% of the total body pool of iodine is stored in the thyroid gland [30] . Thyroid hormone is necessary for regulation of human growth and development. Iodine in foods and dietary supplements is generally either in a salt or organic form [31] . The iodine content of many foods is dependent upon soil concentration of the element and fertilization and irrigation practices [15] . The iodine content of fish and seaweed is also highly variable [32] . Iodine stores in vivo during a sufficient state are estimated at 60 μg, and during deficiency, stores are much lower in the 10-to 20-μg range [30] . Iodine absorption and utilization can be impaired by the presence of goitrogens [33] or exposure to percolate, disulfides, and thiocyanates (from tobacco exposure) [34] . Hypothyroidism can occur in individuals when dietary intakes are lower than 10-20 μg daily, and it is frequently accompanied by goiter [15] .
Thyroid hormones are essential for optimal fetal and postnatal central nervous system growth and development [35, 36] . Maternal iodine requirements increase by more than 50% during pregnancy to meet fetal needs and because of enhanced renal clearance of iodine and alternated iodine metabolism during pregnancy [37] . Maternal iodine deficiency, particularly when it occurs during early pregnancy, can lead to irreversible neurological complications and mental retardation in the offspring referred to as iodine deficiency disorder (IDD) [35] . IDD represents a spectrum of diseases affecting the entire life course. From infancy to adulthood, IDD includes goiters, impaired mental function, and hypo-or hyperthyroidism. At the most severe form, in utero iodine deficiency can result in cretinism [38] .
Typically, iodine status is assessed via urinary iodine content because it is a reliable indicator of recent intake as approximately 90% of ingested dietary iodine is excreted in urine across the range of dietary intakes [30, 36, 39] and because renal clearance is relatively constant [40] . The WHO defines iodine insufficiency in children and adults as a median urinary iodine concentration of <100 μg/l. During pregnancy, different urinary iodine excretion rates may occur [41] ; therefore, during pregnancy, sufficiency status is defined as a median urinary iodine concentration of 150-249 μg/l, with concentrations <150 μg/l defined as insufficient [42] . It is intuitive to think that thyroid hormones may serve as a biomarker of iodine status; however, thyroid hormones, with the exception of thyroglobulin [43] , do not appear to be adequately sensitive to change in iodine status [44, 45] .
Pregnant females and infants (<24 months of age) are the population groups at highest risk of iodine deficiency. As previously stated, in pregnancy, requirements are greatly increased, and infants have the highest requirements per kg of body weight of any age group [30] . Exclusively breastfed infants may also be at risk if not provided iodine in complementary foods [46] . While iodine is found in breast milk [15] , its concentration is dependent on maternal intake and status [47, 48] .
Globally, ∼ 2 billion are estimated to have inadequate iodine status [49, 50] . As many as half of the European population (52%, 459.7 million people) is estimated to have inadequate iodine status and more than 500 million individuals are affected in Southeast Asia. While the group of highest concern is pregnant females, we have no global estimation of the burden of iodine deficiency in this group [51] . Approximately 30% (241 million) of the world's school-aged children have insufficient iodine intakes [52] .
Many countries of the world ( ∼ 120 countries) have fortified table salt with iodine because iodine is found naturally in very few foods [53] . Salt is traditionally the food vehicle chosen for iodization because it is universally consumed at a relatively consistent intake level; the process of adding iodine to salt is very cheap at less than 5 cents per person per year. Global estimates from the UNICEF indicate that 68% of households have adequate table salt iodine [51] . Universal salt iodization refers to all salts used within a country, regardless if iodine is in table salt or in salt used by the food industry. Very few countries in the world have achieved universal salt iodization, and often, the food industry does not use iodized salt in food production [30] . Iodine can also be found in dietary supplements. Universal salt iodization is the most practical strategy to reduce iodine deficiency globally. Correcting Universal salt iodization is the most practical strategy to reduce iodine deficiency globally. iodine deficiency does have some health risks for certain populations in terms of thyroid function and should be considered within the context of each country separately [38] .
Folate
Folate is a generic term for multiple forms of the essential B vitamin. Folate naturally occurs in foods, whereas folic acid is a synthetic form of the vitamin that is used in fortified foods and in dietary supplements. Folic acid is much more bioavailable than folate naturally occurring in foods and when ingested is converted by dihydrofolate reductase to the dihydrofolate and then the tetrahydrofolate form of folate; these reduced compounds are identical to those that would arise from ingestion of natural folate. Folate is essential for synthesis of purines and thymidylate and, therefore, is involved in DNA synthesis, stability, and repair. Folate is also involved in one carbon metabolism and, as such, can alter DNA methylation, which is an important epigenetic determinant in gene expression, in the maintenance of DNA integrity, and in the development of mutations.
Folate deficiency can be determined by serum, plasma, or erythrocyte folate concentrations. Folate deficiency is very low in countries with mandatory or voluntary folic acid fortification programs [52] . Folate deficiency causes megaloblastic or macrocytic anemia and increases the likelihood for pregnancies affected by neural tube defects. The global prevalence of anemia secondary to folate deficiency is very low. Folate deficiency in pregnancy has also been associated with low birth weight, preterm delivery, and fetal growth retardation [53, 54] . Globally, only about 30% of women take folic acid supplements prior to conception [55] . No good estimates of global folate deficiency exist for those considered to be of highest risk: women of reproductive age, pregnant females, and young children [56] .
Folic acid supplementation in the periconceptional period unequivocally reduces the occurrence of neural tube defects [57, 58] . For this reason, the governments of both the United States and Canada instituted national fortification programs with folic acid to enhance the diets of reproductive-aged females [59] [60] [61] , and neural tube defect rates decreased in both the United States [62] and Canada [63] [64] [65] . Since this time, more than 75 countries have instituted folic acid fortification programs, and the amount of folic acid added varies by country [66] . Several more countries allow folic acid to be added to flour on a voluntary basis, while other countries fortify with iron and other B vitamins, but not with folic acid [67, 68] .
Concerns exist about high exposure to folic acid through fortification practices and supplements among nontarget groups (i.e. females not in the reproductive age) like children, males, and the elderly.
Zinc
Zinc is an essential mineral that is involved in multiple aspects of cellular metabolism [69] . Zinc is required for the activity of more than 200 enzymes, and it is critical for immune system function, cell division, and protein and DNA synthesis [15] . Zinc is also required for normal growth and development from in utero until puberty. The human body has no long-term storage system for zinc, so consistent dietary intake is needed to sustain all of these functions and maintain the relatively small exchangeable zinc pool. Because of its diverse functions in vivo, it has been difficult to develop a single biomarker of zinc status; plasma zinc concentrations have been used, but this biomarker is nonspecific [69] . Zinc is primarily found in animal products and seafood. Similar to iron, zinc absorption is impaired by phytates, fiber, and lignins, all of which impair the bioavailability from nonanimal sources of zinc. Calcium and casein may reduce the bioavailability of zinc from cow's milk. Zinc is present in human breast milk.
Zinc status has been associated with reduced incidence, severity, and mortality due to diarrhea and respiratory and malarial infection (as summarized by Patel et al. [70] and Black et al. [71] ). Infection is known to compromise dietary intake and micronutrient absorption, and diarrhea can contribute to losses in key micronutrients. A recent Cochrane review of randomized clinical trials (80 trials with 205,401 participants) in children 6 months to 12 years of age indicates a positive effect for zinc supplementation in reducing all-cause and infectious disease mortality and a small positive impact on linear growth [72] . A recent clinical trial in full-term infants in India receiving placebo or 5 mg zinc daily indicated a significantly higher skinfold thickness for infants in the treatment group when compared to the placebo group, without a difference observed in linear growth [73] . The Zinc supplementation during pregnancy is associated with a significant reduction in preterm births without an effect on infant birth weight. effect of zinc on anthropometry, but not linear growth, was also seen in a Peruvian clinical trial in which mothers were supplemented prenatally with zinc; infants born to zincsupplemented mothers had greater weight gain, higher calf and chest circumference, and more calf muscle area than children born to mothers without zinc supplementation [74] . Zinc supplementation during pregnancy is associated with a significant reduction in preterm births without an effect on infant birth weight [75] . Deficiency in zinc is thought to be one of the primary causes of morbidity in developing countries and, yet, surprisingly little is known about the status of the world [76] . Given the issues concerning the assessment of zinc status by biomarkers, estimates of inadequacy are largely based on the prevalence of child stunting, estimates of dietary intakes, and the availability of zinc from the food supply [76] . Globally, it is estimated that 17.3% of the population has inadequate zinc intakes, with the highest estimates in Africa (23.9%) and Asia (19.4%). Pregnant females and their young children are the highest-risk groups for zinc deficiency. Currently, the WHO and UNICEF recommend provision of zinc supplements for 10-14 days along with oral rehydration therapy for acute diarrhea; however, no routine supplementation recommendations currently exist for the prevention of zinc deficiency.
Multiple MNDs
Single MNDs rarely happen in isolation; more often, multiple MNDs are occurring simultaneously [1, 5] . Multiple MNDs appear to be mainly driven by a lack of food security, defined by the Food and Agriculture Organization (1996) at the World Food Summit as follows: 'when all people at all times have access to sufficient, safe, nutritious food to maintain a healthy and active life' [77] . Many factors contribute to food security and MNDs, including lack of available quality and diversity of foods, poverty in certain population groups, lack of access to health care and nutrition education, subsistence farming practices, volatile food prices, urbanization, high rates of infection (both acute and chronic), and issues with sanitation, climate change, and access to potable water [5, [78] [79] [80] .
Estimates of multiple MNDs have been difficult to ascertain due to limitations in the available data. Muthayya et al. [5] estimated global hidden hunger indices for iron, vitamin A, and zinc together and determined that 18 of the 20 countries with the highest burden of multiple MNDs are in Africa, with Afghanistan and India (WHO region Asia) completing the list. Iodine may be the exception to the clustering of MNDs, and iodine deficiency is region specific and does not necessarily track with countries with a high hidden hunger [5] . However, deficiency in other micronutrients, like selenium, iron, and vitamin A, can exacerbate iodine deficiency by altering thyroid function [81] [82] [83] .
Strategies and Interventions
Several options exist to combat MNDs, including supplementation, fortification, and food-based approaches like dietary diversification. The choice of intervention strategy or strategies should depend on the cause, severity, and scope of the MND. The intervention strategy should always try to eliminate the root cause and must be considered within the cultural preferences [2] . Understanding the sustainability and feasibility of interventions is critical a priori. Ensuring continued access to the intervention or strategy is of upmost importance depending on the intervention.
In general, supplementation is the approach to utilize when an MND is severe and requires a therapeutic approach to treatment, or for the purpose of prevention [2] . Supplementation can be daily or intermittently (i.e. 1-2 times per year). Widespread success has been achieved with vitamin A supplementation for the prevention of night blindness and infant mortality; the success is in part due to the intermittent requirements for supplementation (i.e. 1-2 times per year vs. daily). Supplementation as a strategy requires that provision of supplements is feasible and that adequate educational programs are in place to garner compliance. Ideally, supplementation is limited to these purposes because supplementation does not address the root cause of the deficiency. However, supplementation offers a relatively cost-effective short-term solution to MNDs. There are growing concerns that supplemental nutrients may exhibit different physiological responses and absorption than nutrients found in food; this has been noted for folic acid, zinc, and iron.
Food fortification is a more long-term strategy to combat MNDs than supplementation. from supplementation in that most of the population is exposed to fortification, whereas supplementation is targeted toward certain individuals or groups. Fortification generally requires policy and procedural changes and engagement of the food industry and, thus, requires substantially more time to implement than supplementation. However, if an MND is widespread, fortification is the tool with the greatest capacity to reach the most within a country. The choice of the food vehicle is equally critical as the amount of fortificant to add; ideally, fortification will enhance the intakes at the lowest tail of the intake distribution without causing excessive intakes among those with already high intakes. Using more than one food vehicle and understanding the current intake patterns have been recommended to avoid excessive intakes of nutrients caused by fortification [84] . An emerging option for enhancing micronutrient intakes is by biofortification. Biofortification utilizes recombinant DNA technology or fermentation procedures to alter the micronutrient content, but not the appearance, taste, or smell, of an existing food or crop [85] . The use of nanotechnology to create new delivery systems and storage forms of micronutrients is also a rapidly evolving field [86, 87] . Continued monitoring of any widespread food fortification program is necessary. An alternative to fortification of the food supply are home-based fortification systems in which micronutrients are added to foods that are already consumed within the home. This strategy, often called 'home fortification', avoids the policy and food industry involvement and allows for targeted intervention in individuals in need. Most often, home fortification involves adding multiple micronutrients to a semi-solid food prepared in the home. The micronutrients generally come in packets or sachets. Home-based fortification programs were ongoing in 22 countries as of 2011. In one trial in Pakistan, the use of home fortification with multiple micronutrients in children aged 6-18 months was associated with a significant decline in iron deficiency anemia but was also associated with increased rates of diarrhea [88] . A Cochrane review of home fortification suggests that home fortification with multiple micronutrients is effective for reducing anemia and iron deficiency but cautions that such products be used judiciously in areas with malaria as limited data exist at present. Issues have been raised concerning the compliance to home fortification systems and also concerning an increase in pollution due to the foil-lined packaging needed to preserve the micronutrients [89] .
While optimal in terms of sustainability, changing the dietary patterns of individuals and communities may be difficult to achieve. Dietary diversification may not be possible due to limited food availability within certain regions. However, resources could be directed towards agricultural practices to change food availability; this is a sustainable mechanism to ensure access to a particular food or foods. However, a change in dietary patterns usually is not enough to ameliorate certain deficiencies such as iodine deficiency given that the root cause is the geographic location in which foods, animals, and seafood are produced. Food-based approaches can include additions or changes to complementary feeding practices when infants start to consume foods other than breast milk or infant formula. This transition period between liquid and solid nourishment is often accompanied by MND in developing countries. Provision of meals served outside the home, like school lunches, provides one opportunity to enhance micronutrient intakes of school-aged children. Several fortified food products exist to add micronutrients to the diet without changing dietary patterns, such as biscuits or noodles which have been delivered by aid programs either intermittently or consistently depending on the scope of the problem. Finally, if infection is the root cause of an MND, none of these intervention strategies alone would combat the problem of MNDs. In such instances, deworming or other public health control measures are needed [2] . Thus, those instituting interventions must adequately address all root causes of the MND in determining which strategy or combination of strategies to employ.
Economic Impact of MNDs
Given the widespread impacts that MNDs have across the life span, it is not surprising that they cause tremendous financial burdens to societies [71] . Adequate nutritional status is a primary building block of human capital [90, 91] . Early-life nutrition has long-lasting impacts on the individual and society, including poorer adult health, less educational attainment, diminished work capacity, and lower lifetime earning potential [71, 92] . An estimated 11% of the gross national product in Africa and Asia are lost each year secondary to the high burden of malnutrition. Estimates of increased earning potential due to early-life nutrition interventions are as high as 50% (e.g.
Resources could be directed towards agricultural practices to change food availability.
